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(57) Abstract 

An electronic circuit for automatically compensating for errors in the output signal of a displacement sensor. The electronic circuitry 
includes an analog to digital converter for converting an analog output signal from a linear displacement type sensor. The digital output 
signal from the sensor is processed by a microcontroller which automatically compensates for errors in the output signal. Ideal values, 
stored in an electronic memory, are used for compensation. 



BNSDOCID:<WO 993S468A1 I > 





Codes used to identify 


AL 


Albania 


AM 


Armenia 


AT 


Austria 


AU 


Australia 


AZ 


Azerbaijan 


BA 


Bosnia and Herzegovina 


BB 


Barbados 


BE 


Belgium 


BF 


Burkina Faso 


BG 


Bulgaria 


BJ 


Benin 


BR 


Brazil 


BY 


Belarus 


CA 


Canada 


CF 


Central African Republic 


CG 


Congo 


CH 


Switzerland 


CI 


C6te d'Tvoire 


CM 


Cameroon 


CN 


China 


cu 


Cuba 


cz 


Czech Republic 


DE 


Germany 


DK 


Denmark 


EE 


Estonia 



FOR THE PURPOSES OF INFORMATION ONLY 

y to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



ES 


Spain 


LS 


Lesotho 


SI 


FI 


Finland 


LT 


Lithuania 


SK 


FR 


France 


LU 


Luxembourg 


SN 


GA 


Gabon 


LV 


Latvia 


sz 


GB 


United Kingdom 


MC 


Monaco 


TO 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


GH 


Ghana 


MG 


Madagascar 


TJ 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


GR 


Greece 




Republic of Macedonia 


TR 


HU 


Hungary 


ML 


Mali 


TT 
UA 


IE 


Ireland 


MN 


Mongolia 


IL 


Israel 


MR 


Mauritania 


UG 


IS 


Iceland 


MW 


Malawi 


US 


IT 


Italy 


MX 


Mexico 


uz 


JP 


Japan 


NE 


Niger 


VN 


KE 


Kenya 


NL 


Netherlands 


YU 


KG 


Kyrgyzstan 


NO 


Norway 


ZVV 


KP 


Democratic People's 


NZ 


New Zealand 






Republic of Korea 


PL 


Poland 




KR 


Republic of Korea 


PT 


Portugal 




KZ 


Kazakstan 


RO 


Romania 




LC 


Saint Lucia 


RU 


Russian Federation 




LI 


Liechtenstein 


SD 


Sudan 




LK 


Sri Lanka 


SE 


Sweden 




LR 


Liberia 


SG 


Singapore 





Slovenia 

Slovakia 

Senegal 

Swaziland 

Chad 

Togo 

Tajikistan 

Turkmenistan 

Turkey 

Trinidad and Tobago 

Ukraine 

Uganda 

United States of America 

Uzbekistan 

Viet Nam 

Yugoslavia 

Zimbabwe 



BNSDOCID: <WO 9935468A1 I > 



r 



WO 99/35468 



PCT/US98/16161 



ELECTRONIC CIRCUIT FOR AUTOMATICALLY COMPENSATING FOR 
ERRORS IN A DISPLACEMENT SENSOR 



BACKGROUND OF THE INVENTION 
5 i. Field of the Invention 

The present invention relates to an automatic 
compensation circuit for use with a linear displacement 
type sensor which dynamically compensates for errors in the 
sensor output signal based upon ideal values stored in 
10 electronic memory. 

2 . Description of the Prior Art 

Various linear type displacement sensors, such as 
angular position sensors, are known to be used for various 
purposes including throttle position sensors for 
15 determining the angular position of a butterfly valve in a 
throttle body. Examples of such sensors are disclosed in 
U.S. Patent Nos. 4,893,502 and 5,332,965. Such sensors are 
generally used to control the amount of fuel applied to the 
combustion chamber of an internal combustion engine. 
20 Such throttle position sensors, such as the 

sensors, disclosed in U.S. Patent Nos. 4,893,502 and 
5,332,956, are typically subject to part-to-part variations 
which require each and every sensor to be calibrated either 
by the throttle body manufacturer as in the case of U.S. 
25 Patent No. 4,893,502 or the sensor manufacturer as in the 
case of U.S. Patent No. 5,332,965. In the embodiment 
disclosed in the '502 patent, a circular magnet is rigidly 
secured directly to the butterfly valve shaft. A magnetic 
resistive element (MRE) is disposed within a modified 
30 throttle body at a fixed air gap relative to the circular 
magnet. An amplifying circuit with variable gain is used 
to calibrate the sensor by way of potentiometers or 
variable resistors. 
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As is known in the art, the output of such 
potentiometers may vary with temperature or time. Due to 
the relatively wide operating temperature range of such a 
sensor used in an internal combustion engine environment, 
5 such potentiometers will drift and affect the overall 
calibration of the device. The sensor disclosed in the 
'965 patent is mechanically adjusted; and thus, the 
calibration is not subject to drift as in the case of the 
'502 patent. However, such mechanical adjustments are 
10 time-consuming and cumbersome, which increases the overall 
labor cost to manufacture the product. 

SUMMARY OF THE INVENTION 
It is an object of the present invention to solve 
various known problems in the prior art. 
15 it is yet another object of the present invention 

to provide circuitry for automatically compensating for 
errors in the output signal of a linear type displacement 
signal . 

Briefly, the present invention relates to 
20 electronic circuitry for automatically compensating for 
errors in the output signal of a displacement sensor. The 
electronic circuitry includes an analog to digital 
converter (ADC) for digitizing an analog output signal from 
a linear displacement type sensor. The digitized output 
25 signal from the (ADC) is processed by a microcontroller to 
automatically compensate for errors in the output signal. 
Ideal values, stored in an electronic memory, are used for 
compensation. 

BRIEF DESCRIPTION OF THE DRAWING 

30 These and other objects of the present invention 

will be readily understood with reference to the 
specification and the following drawing, wherein: 

FIG. 1 is a sectional view, partially broken 
away, of a throttle body with an angular position sensor in 

35 accordance with the present invention attached thereto; 
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FIG. 2 is a simplified perspective view of the 
angular position sensor in accordance with the present 
invention; 

FIG. 3 is a plan view of the angular position 
5 sensor illustrated in FIG. 2; 

FIG. 4 is a simplified plan view of the angular 
position sensor in accordance with the present invention 
illustrating the relationship between the angular position 
sensor and the magnetic flux in a static position; 
10 FIGS. 5 and 6 are similar to FIG. 4 and 

illustrate the relationship between the angular position 
sensor and the magnetic flux in various operating 
positions; 

FIG. 7 is an exemplary graph illustrating the 
15 relationship between the output voltage of the angular 
position sensor versus degrees of rotation shown in dotted 
line with a superimposed curve which illustrates the 
effects of the flux concentrators in accordance with the 
present invention; 

2 0 FIG. 8 is a perspective view of a pair of flux 

concentrators which form a portion of the present 
invention; 

FIG. 9 is an elevational view of an alternate 
embodiment of the flux concentrators illustrated in FIG. 8; 
25 FIG. 10 is an elevational view of a halo- shaped 

flux concentrator which forms a portion of the present 
invention; 

FIG. 11 is a perspective view of one embodiment 
of a carrier assembly in accordance with the present 

3 0 invention, shown with a flux concentrator removed; 

FIG. 12 is a perspective view of the assembly 
illustrated in FIG. 11 in a further stage of development; 

FIG. 13 is a cross -sectional view of an angular 
position sensor incorporating. the carrier assembly 
3 5 illustrated in FIGS. 11 and 12; 
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FIG. 14 is an exploded perspective view of an 
alternate embodiment of the angular position sensor in 
accordance with the present invention; 

FIG. 15 is a perspective view of a flux 
5 concentrator in accordance with the present invention; 

FIG. 16 is a perspective view of an alternate 
embodiment of the angular position sensor illustrated in 
FIG. 1; 

FIG. 17 is a cross sectional view in elevation of 
10 the angular position sensor illustrated in FIG. 16; and 

FIG. 18 is a block diagram of electronic 
circuitry for automatically compensating the output signal 
of an angular position sensor in accordance with the 
present invention. 
15 FIG. 19 is a graphical representation of the 

output voltage of an angular position sensor as a function 
of angular position, illustrating a sensor with and without 
the electronic circuitry illustrated in FIG. 18. 

FIG. 20 is a schematic diagram of the electronic 
20 circuitry illustrated in FIG. 18. 

FIG. 21 is a schematic diagram of a test 
interface in accordance with the present invention. 

FIG. 22 is a block diagram of the test equipment 
for determining the compensation values in accordance with 
25 the present invention. 

FIG. 23 is a block diagram of the personal 
computer interface which forms a portion of the test 
equipment illustrated in FIG. 22. 

FIG. 24 is a table of exemplary values of 
3 0 measured and ideal values at a plurality of predetermined 
calibration values. 

FIG. 25 is a graphical representation of the 
measured values as a function of ideal values illustrated 
in FIG. 24. 
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FIGS. 26 and 27 are flow charts of the software 
for the test equipment in accordance with the present 
invention. 

FIGS . 28-30 are flow charts of the software for 
5 the electronic circuitry in accordance with the present 
invention. 

FIG. 31 is a block diagram of a communication 
protocol for use with a digital embodiment of the circuitry 
illustrated in FIG. 18. 

10 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

FIGS. 1-17 and the description that follows 
relate to an angular position sensor which can be adjusted 
mechanically. FIGS. 18-31, relate to electronic circuitry 
for automatically compensating for errors in the output 

15 signal of a linear displacement type sensor, such as an 
angular position sensor and generating a compensates sensor 
analog output signal. FIG. 31 is a graphical illustration 
of the protocol of an asychronous serial data message for 
providing a compensated sensor digital output signal. 

20 MECHANICALLY ADJUSTABLE ANGULAR POSITION SENSOR 

Referring first to FIGS. 1-17, an angular 
position sensor 20 is adapted to be adjusted mechanically 
which eliminates the need for potentiometers and the like, 
used to calibrate known angular position sensors, such as 

25 the angular position sensor disclosed in U.S. Patent No. 
4,893,502. As discussed above, such potentiometers and the 
like are temperature dependent. Thus, in relatively 
hostile temperature environments, the calibration of such 
sensors is affected. 

30 As will be appreciated by those of ordinary skill 

in the art, the angular position sensor 20 is adapted to be 
used in various applications for providing a signal 
representative of the angular position of a pivotally 
mounted device. The angular position sensor 20 is 

35 illustrated and discussed below in an application as a 
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throttle position sensor. However, it should be 

appreciated by those of ordinary skill in the art that the 
application of the angular position sensor 20 in accordance 
with the present invention is also useful for various other 
5 applications. 

With reference to FIG. 1, the angular position 
sensor 20 is disposed in its own housing 22 and includes a 
drive ana 24, rotatably mounted relative to the housing 22, 
that enables the sensor 2 0 to be mechanically coupled to an 

10 output shaft of a pivotally mounted device. In an 
application, such as a throttle position sensor, the drive 
arm 24 is mechanically coupled to a butterfly valve shaft 
26 carried by a throttle body 27. More particularly, in 
such an application, a butterfly valve 28 is rigidly 

15 affixed to the rotatably mounted shaft 26 with suitable 
fasteners 30 or by spot welding. The shaft 26 is rotatably 
mounted relative to a throttle body 27 with suitable 
bearings 34. 

The butterfly valve 2 8 is formed to close or 
2 0 throttle the air flow to an internal combustion engine (not 
shown) . By coupling the angular position sensor 20 to the 
butterfly valve shaft 26, the angular position sensor 20 is 
adapted to provide a signal representative of the angular 
position of the butterfly valve 28 for use in controlling 

25 the amount of fuel applied to the combustion chamber in an 
internal combustion engine. 

It is contemplated that the shaft 26 and the 
drive arm 24 be prevented from rotating relative to each 
other. Various means can be used for preventing such 

30 rotation; all of which are intended to be included within 
the broad scope of the invention. As shown, the butterfly 
valve shaft 26 is formed with a reduced cross- sectional 
area portion or tongue 36 which extends outwardly from one 
side of a throttle body 27 to allow engagement with the 

35 drive arm 24. In order to prevent the rotation of the 
tongue 36 relative to the drive arm 24, the tongue 36 may 
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be formed with a non- circular cross -section that is adapted 
to mate with a cooperating recess 38 formed in the drive 
arm 24. 

Another important aspect of the angular position 
5 sensor 2 0 is that it is formed as a separate unit that is 
adapted to rather quickly and easily be secured to, for 
example, the throttle body 27 by way of suitable fasteners 
40. By providing the angular position sensor 20 as a 
separate unit, the calibration of the sensor 20 can be done 

10 at the factory by the sensor manufacturer. In contrast, 
some known angular position sensors are incorporated 
directly into the throttle body, for example, as disclosed 
in U.S. Patent No. 4,893,502. In such an embodiment, 
calibration of the sensor is normally done by the throttle 

15 body manufacturer whose experience with such sensors is 
• admittedly less than the sensor manufacturer. 

FIGS. 2 and 3 illustrate the basic principles of 
the angular position sensor 20 in accordance with the 
present invention. In particular, the angular position 

20 sensor 20 includes a magnet 42, preferably a standard bar- 
shaped magnet defining opposing North and South magnetic 
poles; a magnetic sensing element 43, a pair of generally 
L- shaped flux concentrators 44 and 46 and an additional 
flux concentrator 48, used for adjustment. As will be 

25 discussed in more detail below, the magnet 42 is adapted to 
be mounted in the drive arm 24 for rotation about an axis 
50 (FIG. 1) that is generally perpendicular to a magnetic 
axis 52 which interconnects the opposing North and South 
magnetic poles, as shown in FIG. 1. As will be discussed 

30 in more detail below, the magnet 42 is mounted within the 
drive arm 24 such that the axis of rotation 50 of the 
magnet is coaxial with the butterfly valve shaft 26 and 
generally perpendicular to the magnetic axis 52 such that 
rotation of the butterfly valve shaft 26 causes rotation of 

35 the magnet 42 about the axis 50 by a corresponding amount. 
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The magnetic sensing element 43 is preferably a 
Hall effect IC with on-chip amplifier circuits, for 
example, an Allegro Model No. 3506. Since the angular 
position sensor 20 is adjusted mechanically, there is no 
5 need for external circuitry for electrically adjusting the 
sensor 20. As such, the output of the magnetic sensing 
device 43 is adapted to be directly coupled to the fuel 
control circuit (not shown) for the internal combustion 
engine. By eliminating the need for external 

10 potentiometers or variable resistors, the need for 
conductive tracings on a printed circuit board to connect 
the magnetic sensing device 43 to such external 
potentiometers or variable resistors is eliminated. As 
mentioned above, the conductive tracings in such an 
15 application can act as antennas and thus subject the sensor 
to various electromagnetic interference. In sensors which 
incorporate such external potentiometers or variable 
resistors for adjustment, for example, as disclosed in U.S. 
Patent No. 4,893,502, the circuitry must be shielded 
20 against electromagnetic interferences which adds to the 
cost of the sensor. Such external potentiometers or 
variable resistors are also affected by temperature. Thus, 
in a relatively hostile environment, such as an under- hood 
environment of an internal combustion engine, the 
25 calibration drifts with temperature change. The angular 
position sensor 20 in accordance with the present invention 
solves these problems by using a mechanical adjustment for 
the sensor which eliminates the need for external 
potentiometers and the like. 
30 As best shown in FIG. 13, the magnetic sensing 

element 43 is mounted stationary relative to the housing 22 
at a fixed air gap 54 relative to a surface 58 of the 
magnet 42 that is generally parallel to the magnetic axis 
52. The generally L-shaped flux concentrators 44 and 46 
35 are rigidly disposed relative to the magnetic sensing 
device 43 forming an assembly 60. In particular, the 
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magnetic sensing device 43 is sandwiched between the 
generally L- shaped flux concentrators 44 and 46 to form the 
assembly 60* The assembly 60 is disposed such that a 
sensing plane 62, defined by the magnetic sensing element 
5 43, is generally parallel to the axis of rotation 50 of the 
magnet 42. As shown, a Hall effect IC is used as the 
. magnetic sensing element 43. In such an embodiment, the 
sensing plane 62 is defined as a plane generally parallel 
to opposing surfaces 64 and 66, shown in FIG. 4. 

10 As shown in FIG. 2, the assembly 60 is disposed 

such that the axis of rotation 50 of the magnet 42 is 
through the midpoint of the magnetic sensing device 43 and 
parallel to the sensing plane 62. However, it is also 
contemplated that the assembly 60 can be disposed such that 

15 the axis of rotation 50 is offset from the midpoint of the 
magnetic sensing element 43 along an axis generally 
parallel to the sensing plane 62. 

As shown in FIG. 4, the angular position sensor 
20 is in a quiescent state. In this state the magnetic 

20 flux density B, represented by the arrows identified with 
the reference numeral 68, is generally parallel to the 
sensing plane 62 of the magnetic sensing device 43 . In 
this ■ state the magnetic sensing element 43 outputs a 
quiescent voltage. For an Allegro Model No. 3506 Hall 

25 effect IC, the quiescent output voltage is typically about 
2.5 volts DC. Rotating the magnet 42 counterclockwise as 
shown in FIGS. .5 or 6 or clockwise (not shown) causes an 
ever increasing amount of magnetic flux density 68 to be 
applied to the sensing plane 62 of the magnetic sensing 

30 element 43 to vary the output voltage of the magnetic 
sensing element 43 as a function of an angle 0 defined 
between an axis 63 parallel to the sensing plane 62 and an 
axis 65. For an Allegro Model No. 3506, the output voltage 
swing is approximately ±2.0 volt DC depending on the 

35 direction of the angular rotation. 
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In accordance with an important aspect of the 
invention, the relationship between the axes 63 and 65 can 
be varied in order to adjust the offset voltage of the 
sensor 20. In particular, the assembly 60 is rotated 
5 relative to the magnet 42 in a quiescent state to adjust 
the sensor offset voltage. In such an application, the 
sensor would be configured in the quiescent state to have 
a small angle 0 between the axes 63 and 65 as illustrated 
in FIG. 4. 

!0 As will be discussed in more detail below, an 

important aspect of the invention relates to the fact that 
the output voltage of the angular position sensor 20 varies 
linearly as a function of the angular rotation of the 
magnet 42. As such, the output voltage of the angular 
15 position sensor 20 can be applied directly to the fuel 
consumption circuit for the internal combustion engine 
without the need for additional and expensive external 
circuitry. In particular, known angular position sensors 
have utilized various circuitry including microprocessors 
20 to linearize the output voltage, which adds to the 
complexity and cost of the sensor. The angular position 
sensor 20 in accordance with the present invention 
eliminates the need for such external circuitry. In 
particular, the output signal is linearized by way of the 
25 generally L- shaped or book- end type flux concentrators 44 
and 46, which not only direct the magnetic flux and control 
the density and polarity of the magnetic flux density but 
also linearize the output signal to near straight line 
form. As such, the angular position sensor 20, in 
30 accordance with the present invention, is adapted to be 
substituted for potentiometer- type throttle position 
sensors which are contact devices with a finite life. More 
particularly, FIG. 7 illustrates a graph of the output 
voltage of the angular position sensor 20 as a function of 
35 the degrees of rotation. The solid line 72 represents the 
output of the angular position sensor 20 without the book- 
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end shaped flux concentrators 44 and 46. As shown, the 
output voltage of such an embodiment varies relatively non- 
linear ly relative to the degrees of rotation. By 
incorporating the book- end shaped flux concentrators 44 and 
5 46, the output voltage of the angular position sensor 20 
becomes fairly linear. More particularly, the solid line 
74 represents the desired relation- ship between the output 
voltage of the angular position sensor 20 versus the 
degrees of rotation of the magnet 42. The dashed line 76 

10 represents the output voltage of the sensor 2 0 which 
incorporates the book- end shaped flux concentrators 44 and 
46. As illustrated, the dashed line 76 is fairly linear 
over the anticipated operating range of the sensor, for 
example, 110° rotation • 

15 The book- end shaped flux concentrators 44 and 46 

are formed from a magnetically soft material - a 
magnetically permeable material which does not retain 
residual magnetism. Various configurations of the book- end 
shaped flux concentrators 44 and 46 are contemplated, for 

20 example, as shown in FIGS. 8 and 9. Referring to FIG. 8, 
the book- end flux concentrators 44 and 46 are formed in a 
generally L- shape defining two depending leg portions 78 
and 80 . The outer intersection of the depending legs 78 
and 80 defines a heel portion 82. The inner intersection 

25 of the depending legs 78 and 80 defines a generally 
accurately- shaped inner portion 84. It is also 

contemplated that the inner portion 84 may be formed such 
that the depending leg portions 78 and 80 are virtually 
perpendicular at the point of inter- section or have a 

30 predetermined radius of curvature as illustrated in FIG. 8. 
In the preferred embodiment illustrated in FIG. 9, the flux 
concentrators 44 and 46 are formed in a similar manner as 
the flux concentrators illustrated in FIG. 8 but with the 
heel portion 82 removed and a relatively larger radius of 

35 curvature for the inner portion 84. 
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In accordance with another important aspect, the 
sensor 20 allows the sensitivity (e.g., volts/degree of 
rotation) of the sensor 20 to be adjusted mechanically. As 
discussed above, various known sensors utilize 
5 potentiometers or variable resistors and the like for 
varying the sensitivity of the sensor. However, such 
sensors are relatively temperature dependent. Thus, in a 
relatively hostile environment where the temperature is 
anticipated to vary over a relatively wide range, the 

10 calibration of such sensors is known to drift. The angular 
position sensor 2 0 in accordance with the present invention 
solves this problem by providing a method for mechanically 
adjusting the sensitivity of the sensor without the need 
for potentiometers and the like. In particular, an 

15 additional flux concentrator 48 is provided. Although the 
flux concentrator 48 is described and illustrated having a 
halo or washer shape, as illustrated in FIG. 2, for 
example, it is to be understood that various shapes for the 
flux concentrator 48 are contemplated. For example, a 

20 rectangular shape may be used for the flux concentrator as 
illustrated and identified with reference numeral 48' in 
FIG. 15. In such an embodiment, various means within the 
ordinary skill in the art are contemplated for supporting 
the flux concentrator 48 relative to the magnet 42. 

25 In one embodiment, the flux concentrator 48 is 

formed in a generally circular or halo shape with a 
centrally disposed aperture 86. The flux concentrator 48 
is adapted to be disposed such that the midpoint of the 
aperture 86 is generally coaxial with the axis of rotation 

30 50 of the magnet 42. The sensor's sensitivity is adjusted 
by varying the distance between the flux concentrator 48 
and the magnet 42 in an axial direction relative to the 
axis of rotation 50 as indicated by the arrows 88 (FIG. 2) . 
It is contemplated that the plane of the flux concentrator 

35 48 be generally parallel the plane of the magnet 42. The 
halo -shaped flux concentrator 48 thus provides a mechanical 
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and relatively stable method for adjusting the sensitivity 
of the sensor 20 utilizing a relatively inexpensive and 
until now often impractical class of linear IC; impractical 
because of the relatively wide range of part-to-part 
5 electrical output values of offset voltage and sensitivity 
per gauss. 

In an alternate embodiment of the sensor as 
illustrated in FIG, 10, it is contemplated that the flux 
concentrator 4 8 be formed to be self - temperature 

10 compensating. In this embodiment, the flux concentrator 48 
may be formed in a plurality of layers. Three layers are 
shown for example. The outer layers 90 are formed from a 
first material, for example, an iron-nickel alloy comprised 
of approximately 29%-33% nickel. The inner layer 92 is 

15 formed from low carbon steel, for example, C1008 low carbon 
steel. With such an embodiment, the properties of the 
nickel alloy used in the outer layers 90 cause the 
permeability of the outer layers 90 to decrease with an 
increase in temperature which decreases the ability of the 

20 flux concentrator 48 to concentrate magnetic flux as a 
function of temperature. Thus, as the temperature 
increases, the magnetic flux concentrator 48 captures less 
of the magnetic field causing a relatively greater portion 
of the magnetic field to be applied to the magnetic sensing 

25 element 43 during such a condition. Thus, since it is 
known that the magnetic field intensity of known magnets 
weakens as a function of temperature, the magnetic flux 
concentrator 48 illustrated in FIG. 10 allows a greater 
percentage of the magnetic flux density 68 to be applied to 

3 0 the magnetic sensing element 43 during relatively high 
temperature conditions and is thus self -temperature 
compensating . 

FIGS. 11 and 12 illustrate a carrier assembly 94 
for carrying the magnetic sensing device 43 as well as the 

35 magnetic flux concentrators 44, 46 and a halo- shaped flux 
concentrator 48. In particular, FIG. 11 illustrates the 
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carrier assembly 94 with the halo- shaped flux concentrator 
48 removed. The carrier assembly 94 includes a disk- shaped 
base portion 96 and a generally T-shaped frame portion 98. 
The T-shaped frame portion 98 defines a pair of depending 
5 legs 100 and 101, disposed generally perpendicular to the 
plane of the base portion 96, interconnected by a 
connecting member 102 . A stud portion 104 is formed to 
extend outwardly from the connecting member 102. The stud 
portion 104, as will be discussed in more detail below, is 

10 used for adjusting the distance between the halo -shaped 
flux concentrator 48 and the magnet 42. In alternate 
embodiments of the invention where a configuration other 
than a halo shape is used for the additional flux 
concentrator, for example, a rectangular shape, as 

15 illustrated in FIG. 15, the stud portion 104 is unnecessary 
and thus eliminated and substituted with a suitable 
arrangement for supporting such a flux concentrator 48' 
relative to the magnet 42. 

Referring back to the first embodiment, the halo- 

20 shaped flux concentrator 48 is shown with a generally star- 
shaped aperture 86. In such an application, the diameter 
of the stud 104 is formed to provide a friction fit with 
the irregular- shaped aperture 86 to allow the sensitivity 
of the sensor 20 to be adjusted by way of axial movement of 

25 the flux concentrator 48 relative to the magnet 42. In an 
alternate embodiment of the invention, it is contemplated 
that the stud 104 and the aperture 86 be threaded to enable 
the distance between the flux concentrator 48 and the 
magnet 42 to be varied by rotating the flux concentrator 

30 48. 

The book- end type flux concentrators 44 and 46 
are disposed intermediate the depending legs of the 
T-shaped frame 98 to enable the magnetic sensing device 43 
to be sandwiched therebetween. As shown best in FIG. 14, 
35 the magnetic sensing device 43 is a three wire Hall effect 
IC. This magnetic sensing device 43 is adapted to be 
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connected to a flexible printed circuit board 106 (FIG, 12) 
and wrapped around the frame 9 8 as best illustrated in FIG. 
12. Opposing fingers 105 may also be formed in the 
depending leg portions 100 and 101 to capture a portion of 
5 the printed circuit board 106 as shown. A terminal 
structure 107 is then connected to the printed circuit 
board 106 to enable the sensor 20 to be connected to an 
external electrical conductor (now shown) . The terminal 
structure 107 is shown in FIG. 12 with bridging members 

10 109, which are removed to form three electrical terminals 
111, 113 and 115. The carrier assembly 94 complete with 
the printed circuit board 106 is then assembled to the 
housing 22 as illustrated in FIG. 13. 

An alternate embodiment of the sensor is 

15 illustrated in FIG. 14, identified with the reference 
numeral 20' . In this embodiment, like components are 
identified with the same reference numerals and are 
distinguished with primes. The housing 22' is formed as an 
irregular- shaped housing with a central aperture 108 for 

20 receiving the drive arm 24. As best shown in FIG. 1, the 
drive arm 24 is formed with a centrally disposed aperture 
110 on one end (FIG. 1) that is keyed or otherwise adapted 
to rotate with the butterfly valve shaft 26 defining a 
drive arm portion 123 (FIG. 14). The other end of the 

25 drive arm 24 is provided with a generally rectangular 
aperture 112 defining a magnet holder portion 121 for 
receiving the magnet 42 . The drive arm 24 is adapted to be 
received in the aperture 108 formed in the housing 22'. 
The drive arm 24 may be formed with an integral washer 114 

3 0 with an extending tongue 116. The tongue 116 cooperates 
with stops 118 formed within the aperture 108 which are 
radially disposed to limit the rotation of the drive arm 24 
relative to the housing 22'. As will be appreciated by 
those of ordinary skill in the art, the location of the 

35 stops 118 within the aperture 108 are provided to coincide 
with the expected angular rotation of the device' whose 
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angular position is being sensed. As mentioned above, when 
the angular position sensor 20 in accordance with the 
present invention is used as a throttle position sensor, 
the stops 118 are provided to allow for about 110° of 
5 rotation. In alternate embodiments of the invention, the 
housing 22 may be formed without the stops 118 to enable a 
full 360° of isolation for the sensor 20. 

The drive arm 24 may be biased by a torsion 
spring 120 having extending end portions 122. The bottom 
10 end portion (not shown) is adapted to be received in a slot 
124 formed in the aperture 108. The top end portion 122 is 
received in a corresponding slot 12 6 formed in the drive 
arm 24. The diameter of the torsion spring 120 is sized to 
be slightly larger than the magnet holder portion 121. In 
15 embodiments wherein the sensor is adapted to rotate 360°, 
the torsion spring 120 is eliminated. 

The aperture 108 is formed with concentric walls 
128, 130 and 132. The concentric wall 128 only spans a 
portion of the circumference of the aperture 108 to form 
20 the stops 118 as discussed above. The drive arm portion 123 
is received within the aperture 108 to allow rotational 
movement of the tongue 116 relative to the stops 118, 
formed in the partial concentric inner wall 128. The 
magnet holder portion 121 is received in an integrally 
25 formed circular guide, 134 formed on the underside of the 
carrier 94'. Once the drive arm 24 and torsion spring 120 
are disposed within the aperture 108, the carrier assembly 
94 closes the aperture 108 by way of an O-ring 158 forming 
the angular position sensor in accordance with the present 
3 0 invention. As shown, the carrier 94 1 and printed circuit 
board 106' are configured differently than the embodiment 
illustrated in FIGS. 11-13. 

As shown, the printed circuit board 106' may 
include three conductive tracings 132 for connecting the 
35 electrical conductors 144 from the magnetic sensing element 
43 thereto. A pair of capacitors. 138, preferably surface 
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mount capacitors, are electrically connected with the 
conductive tracings 132 to suppress noise- to- ground* Three 
plated- through holes 140 are provided for connecting the 
conductors 144 of the magnetic sensing device 43 to the 
5 printed circuit board 106' . The printed circuit board 106' 
includes an additional three plated- through holes 142 for 
connection with corresponding terminals 148, insert molded 
into the housing 22', which enables the sensor 20' to be 
connected to an external electrical conductor (not shown) . 

10 Once the components of the sensor 20' are assembled, the 
component side 146 of the sensor 20' is then potted with a 
suitable potting compound, such as epoxy to seal the 
electrical components. This allows the electrical 

components of the sensor to be sealed from moisture, 

15 contaminants and the like without the need for a dynamic or 
a static seal as discussed above. As such, the seal in 
accordance with the present invention is virtually 
unaffected by wear or vibration. 

As discussed above, the angular position sensor 

20 20, 20' is connected to a throttle body 27 by way of the 
fasteners 40. Thus, the housing 22, 22' may be provided 
with a pair of oppositely disposed apertures 154 for 
receiving a pair of insert molded mounting sleeves 156. 
The fasteners 40 are received in the mounting sleeves 156 

25 and are used to connect the sensor 20, 20' to the throttle 
body 27; 

An alternate embodiment of the throttle position 
sensor is .illustrated in FIGS. 16 and 17 and generally 
identified with the reference numeral 200. This throttle 

30 position sensor 200 includes a magnet 202, a magnetic 
sensing element 204, one or more flux concentrators 206 
rigidly secured relative to the magnetic sensing element 
204 and a movably mounted flux concentrator 208 which 
enables the throttle position sensor 200 to be adjusted 

35 mechanically without the need for potentiometers and the 
like. In this embodiment, the magnet 202 is carried by a 
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drive arm assembly 210 rotatably mounted relative to the 
magnetic sensing element 204 and the stationary mounted 
flux concentrators 206 and 208. As shown by the direction 
of the arrows 212, the magnet 202 is adapted to rotate 
5 about an axis 214. 

The magnet 202 is formed as a generally circular 
element with a center aperture 216. The magnet 202 is 
formed such that each semicircular portion forms a pole. 
In particular, a semicircular portion 218 forms a south 

10 pole, while a semicircular portion 220 forms a north pole. 

The magnetic sensing element 204 and the rigidly 
mounted flux concentrators 206 are carried by a housing 
221; the housing 221 being formed from a non- magnetically 
conductive material; for example, plastic, brass or 

15 aluminum. In particular, the housing 221 as best shown in 
FIG. 17 is formed with a generally cylindrical portion 222 
closed on one end 224 and an annular skirt portion 226. 
The magnetic sensing element 204 may be sandwiched between 
the rigidly mounted flux concentrators 206 and carried by 

2 0 the closed end 224 of the cylindrical portion 222 of the 

housing 221. A notch 228 may be formed in the closed end 
224 for capturing the magnetic sensing element 204 to 
facilitate proper orientation of the magnetic sensing 
element 204 relative to the housing 221. 
25 The outer diameter of the cylindrical portion 222 

of the housing 221 may be formed to be relatively smaller 
than the diameter of the centrally disposed aperture 216 in 
the circular magnet 2 02. Such a configuration enables the 
cylindrical portion 222 of the housing 221 to be disposed 

3 0 within the aperture 216 in order to reduce the overall 

axial length of the sensor 2 00. 

A cover 230 is provided and adapted to be rigidly 
secured to the throttle body 27 (FIG. 1) in a similar 
manner as discussed above. The cover 230 is formed as a 
3 5 generally cylindrical member with at least a partial 
interior annular shoulder 232 and a mouth portion 234. The 
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annular shoulder 232 defines a first interior diameter and 
a second interior diameter. The first interior diameter is 
selected to be slightly larger than an outer diameter of 
the skirt portion 226 of the housing 221. An O-ring 227 
5 may be used to seal the housing 221 relative to the cover 
230 to prevent the potting material from getting into the 
area of the drive arm 235. The O-ring 227 may be disposed 
in an annular notch 229 formed in the housing 221. 

The second interior diameter of the cover 230 is 

10 relatively smaller than the first interior diameter. The 
size of the second interior diameter of the cover 230 is 
selected to enable the drive arm assembly 210 to rotate 
freely theirewithin. 

The drive arm assembly 210 includes a drive arm 

15 235 formed as an annular member with an irregular shape 
defining an annular well portion 23 6 and a drive portion 
238. The annular well portion 236 is formed to receive the 
cylindrical portion 222 of the housing 221 to enable the 
overall axial length of the sensor 200 to be reduced in a 

20 manner as discussed above. The drive portion 238 is 
adapted to be coupled to the throttle shaft 26 in a manner 
as discussed above such that the drive arm assembly 210 
rotates with a throttle shaft 26. 

A helical spring 240 is used to bias the drive 

25 arm assembly 210 to a predetermined position, for example, 
the position shown in FIG. 17. In particular, a helical 
spring 240 is disposed about the outer diameter of the 
drive arm 235 . One end (not shown) of the helical spring 
240 is rigidly secured to the drive arm 235. The other end 

30 242 of the spring 240 is rigidly secured to the cover 230. 
As such, rotation of the drive arm assembly 210 relative to 
the cover 230 can cause compression or tension of the 
spring 240 to bias the drive arm assembly 210. 

The well portion 236 of the drive arm 235 is 

35 formed with an interior annular shoulder 243. The 
dimensions of the annular shoulder 243 are selected to 
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enable the circular magnet 202 to be flush with an interior 
annular wall 244 of the drive arm 235. 

The sensor 200 also includes a printed circuit 
board (PCB) 245. The PCB 245 is carried by the cylindrical 
5 portion 222 of the housing 221 for providing an electrical 
path between the magnetic sensing element 204 and a set of 
external electrical leads 246. In particular, if a Hall 
effect device is used for the magnetic sensing element 204, 
such a device will have a plurality of electrical leads 

10 248. The PCB 245 is formed to provide an electrical path 
between the electrical leads 246 and 24 8 in a manner as 
discussed above. 

An important aspect of the invention is the 
mechanical method for adjusting the sensitivity of the 

15 sensor 200 which eliminates the problems discussed above 
with sensors with electronic sensitivity adjustments. The 
offset voltage of the sensor 200 is adjusted in a similar 
manner as discussed above; namely > rotating the cylindrical 
portion 221 and the sensing plane of the magnetic sensing 

20 element 204 with respect to the magnet 202. 

The sensitivity of the sensor 200 is adjusted by 
varying the axial distance between the flux concentrator 
208 and the magnetic sensing element 204. As best shown in 
FIG. 17, the flux concentrator 208 is carried by the 

25 cylindrical portion 222 of the housing 221 with a slight 
friction or interference fit to enable the axial distance 
relative to the magnetic sensing element 204 to be varied. 
More specifically, the flux concentrator 208 is formed in 
a generally circular shape with a central aperture 250. 

30 The diameter of the central aperture 250 is selected to be 
slightly smaller than the outer diameter of the cylindrical 
portion 222 of the housing 221 to enable the flux 
concentrator 208 to be carried thereby in order to enable 
the axial -distance between the flux concentrator 208 and 

35 the magnetic sensing element 204 to be varied. Once the 
axial distance of the flux concentrator 208 is set, a 
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portion of the housing 221 is potted with a suitable 
potting material 249, such as epoxy, to seal the assembly 
from dust, moisture and other harmful contaminants. The 
annular skirt portion 226 of the housing 221 protects the 
5 bottom portion (FIG. 17) from the potting material 249 in 
order to allow the drive arm assembly 210 to rotate freely. 

In operation, rotation of the throttle shaft 2 6 
causes rotation of the drive arm assembly 210. Since the 
magnet 202 is rigidly secured to the drive arm assembly 

10 210, such rotation will cause the relative angular position 
of the north and south magnetic poles 202 to vary relative 
to a sensing plane of the magnetic sensing element 204. 
Such a change will cause the output signal from the 
magnetic sensing element 204 to vary as a function of the 

15 change in angular position of the magnet 202 and the 
throttle shaft 26. 

SMART SENSOR CIRCUITRY- ANALOG OUTPUT 
Automatic calibration for a displacement type 
sensor, such as an angular position sensor, is illustrated 

20 in Figs. 18-30. In particular, the embodiment illustrated 
in Figs. 18-30 is provided with electronic circuitry with 
an analog output which automatically compensates for any 
errors in the output signal due to the electronics, part- 
to-part variations of the magnet or temperature. The 

25 electronic circuitry includes an electronic memory, such as 
an electrically erasable read-only memory (EE PROM) for 
storing predetermined compensation values used to 
compensate . the output signal of the sensor. The 
compensation values are determined by comparing the output 

30 signals of the sensor at predetermined calibration angles 
with ideal values . The deviation between the actual values 
and the ideal values is used to determine the compensation 
values as discussed in more detail below. The compensation 
values are stored in the electronic memory and used to 

35 automatically compensate the output signal of the sensor. 
As will be discussed in more detail below, the compensation 
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of the output signals is done under software control which 
eliminates the need for mechanical adjustment of the sensor 
as described in the connection with the embodiment 
illustrated in Figs* 1-17; thus providing automatic 
5 calibration. 

An important aspect of the invention is that the 
electronic circuitry enables the compensation values to be 
determined by the sensor manufacturer and stored in the 
EEPROM. Thus, once the sensors are shipped to the end 

10 user, the end user simply installs the sensor. 

There are several error sources associated with 
such sensors. More particularly, such sensors normally 
include a Hall effect device 43, which typically include 
on-chip operational amplifiers* Such operational 

15 amplifiers are frequently subject to offset errors which 
may vary from part-to-part. In addition, part to part 
variations in the magnetic flux distribution of the magnets 
used with such sensors also necessitates sensitivity 
adjustment of the Hall Effect device relative to the 

20 magnet. In addition, such sensors are also subject to 
error due to temperature variation. 

The electronic circuitry in accordance with the 
present invention, as illustrated in FIGS . 18-30, 
automatically compensates for such errors, thus obviating 

25 the need for mechanical adjustment. Although the 

electronic circuitry illustrated in Figs. 18-30 and 
described hereinafter is discussed in terms of the angular 
position sensor, similar to the sensor illustrated in Figs. 
1-17, the principles of the present invention are 

3 0 applicable to virtually any angular position sensor and for 
that fact any displacement type sensor which measures 
angular or linear displacement and provides an analog 
output s ignal . 

In addition, although the electronic circuitry is 

35 discussed in terms of various discrete electronic 
components, as discussed below, the principles of the 
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present are also applicable to other electronic components 
which generally perform the same basic functions- For 
example, all or a portion of the electronic circuitry 
described and illustrated below could be formulated into an 
5 application specific integrated circuit (ASIC) . All such 
embodiments are considered to be within the broad scope of 
the invention. 

Referring to Figure 18, the electronic circuitry, 
generally identified with the reference numeral 300, 

10 includes a analog to digital converted (ADC) 302, for 
example, a twelve -bit serial ADC model number LTC 1298, as 
manufactured by Linear Technology, Inc., described in 
detail in LTC1286/LTC1298 MICRO POWER SAMPLING TWELVE BIT 
A/D CONVERTERS IN SO- 8 PACKAGES - by Linear Technology, 

15 Inc., pages 6-140 to 6-162, hereby incorporated by 
reference. One input to the ADC 302 is the output of the 
Hall effect device, for example the output signal 248 on 
the Hall effect device 204 (FIG. 16). The Hall effect 
device is a linear device, for example, an Allegro model 

2 0 no. 3506, which provides a relatively linear output signal 
over the useful output range of the Hall effect device, as 
shown in Figure 19 and discussed below. A temperature 
sensor, for example a thermistor 330 may also be applied to 
the ADC 302. The analog temperature and sensor signals are 

25 digitized by the ADC 302 under the control of a 
microcontroller 304, for example, a Motorola model number 
68HC705J2, HCMOS Microcontroller, described in detail in 
HC05 MC68HC705J2 TECHNICAL DATA . by Motorola, Inc., 
copyright 1991, hereby incorporated by reference. The 

30 microcontroller 304 compares the digitized sensor output 
signal values from the ADC 302 with compensation values 
stored in an electronic memory 306, for example a Micro- 
chip Technology, Inc., Model No. 93C46 CMOS EE PROM, 
described in detail in MICROCHIP 93C06/46 256 BIT/IK 5B 

35 CMOS SERIAL EE PROM, BY MICRO CHIP TECHNOLOGY . ; INC. . 
COPYRIGHT 1994 . hereby incorporated by reference. The 
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deviations between the actual values from the ADC 302 and 
the stored compensation values from the electronic memory 
304 are used by the microcontroller 304 to generate 
compensated output values that are applied to a digital to 
5 analog converter (DAC) 308. The DAC 308 may be a Maxim 
Model No. MAX539, 12 bit DAC described in detail in MAXIM 
5V. LOW- POWER. VOLTAGE OUTPUT. SERIAL 12 -BIT DAC'S MAX531 
MAX53 8/MAX539 by Maxim Integrated Products, Copyright 1994 , 
hereby incorporated by reference. The DAC 308, in turn, 

10 provides a compensated analog output voltage signal V OUT . 

The electronic circuitry 300 includes a test 
interface 310 which enables the compensation values to be 
determined, for example by the sensor manufacturer, and 
programmed into the electronic memory 306. The test 

15 interface 310 is connected to the balance of the electronic 
circuitry 300 by a pair of cables 310 and 314. The cable 
312 is connected between the test interface 310 and the 
microcontroller 304 while the cable 314 is connected 
between the test interface 310 and the electronic memory 

20 306. These cables 310 and 314 allow for serial 
communication between the electronic circuitry 300 and the 
test interface 310 to enable the compensation values to be 
determined. ' More particularly, as will be discussed in 
more detail below, in a CALIBRATION mode, the angular 

25 position sensor is tested at a predetermined number of 
calibration points (i.e., angular positions). The output 
signals from the sensor at the predetermined calibration 
points are then compared with the ideal values for each 
point to determine the deviation of the actual values from 

30 the compensation values. These deviations are used to 
determine the compensation values for each position of the 
sensor. The compensation values are, in turn, programmed 
into the electronic memory 306. Once the compensation 
values are programmed into the electronic memory 306, the 

35 test interface 310 may be disconnected from the electronic 
circuitry 300. 
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FIG. 19 is a graphical representation of the 
automatic compensation of the electronic circuitry 300. In 
particular, the output signal of the sensor as a fraction 
of the power supply voltage VS along the vertical axis is 
5 plotted as a function of an exemplary angular operating 
range, for example 90 degrees. The curve 316 represents 
the output of the sensor without compensation over the 
exemplary operating range of the sensor while the curve 318 
represents the output of the sensor which incorporates the 

10 electronic circuitry 300 (Fig. 18) in accordance with the 
present invention. The curve 318 corresponds with the 
ideal values. 

Although the output curve for a typical sensor is 
not perfectly linear as illustrated in FIG. 19, the curve 

15 can be approximated on a piecemeal linear basis to generate 
the ideal curve 318 in response to sensor values along the 
curve 316. As such, the electronic circuitry 300 is 
adapted to provide automatic compensation for the sensor 
output signal 300. The determination of the compensation 

20 values is discussed in detail below. 

A schematic diagram for the electronic circuitry 
300 shown in FIG. 18 is illustrated in FIG. 20, while a 
schematic diagram for the test interface 310 is illustrated 
in FIG. 21. Referring first to FIG. 20, an oscillator 

25 signal for the microcontroller 304 is provided by an 
oscillator circuit 320, for example an AVX KYOCERA, KBR- 
4.00-MKS TR Ceramic Resonator, as described on a data sheet 
entitled, KBR-MKS SERIES CERAMIC RESONATORS . P14 BY AVX 
KYOCERA, hereby incorporated by reference. The oscillator 

30 circuit 320 is connected to the oscillator pins OSC1 and 
0SC2 of the microcontroller 304, along with a parallel 
connected resistor 322 to form a parallel resonance 
circuit, for providing, for example, a 4 megahertz (mHz) 
oscillator signal to the microcontroller 304. 

35 The microcontroller 304 includes an 8 -bit port 

PA[7:0] and a 6-bit port PB[5:03; all of the bits" being 
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programmable as either input or output ports by way of data 
direction registers on board the microcontroller 304. A 
CALIBRATE mode signal is applied to a port bit PB[3]; 
programmed as an input port bit. The CALIBRATE mode signal 
5 is available at the test equipment 402 (FIG. 22) by way of 
the test interface 310 (FIG. 21) . As will be discussed in 
more detail below, the CALIBRATE mode signal is enabled 
when the test equipment 402 is being used to determine the 
compensation values to be written to the EEPROM 306. In 

10 particular, the port bit PB[3] is normally pulled high by 
a pull-up resistor 324, connected between the port bit 
PB[3] and the sensor 5 volt power supply VCC. Normally, 
the port bit PB[3] will be high. During a CALIBRATE mode, 
the CALIBRATE signal pulls the port bit PB[3] low to let 

15 the microcontroller 304 know the system is in a CALIBRATE 
mode . 

A SENSOR IN signal, such as from an analog Hall 
effect device, is applied to one channel CH0 of the ADC 
304, which includes a two- channel multiplexed input at pins 
20 CH0 and CHI. The thermistor 330 is applied to the other 
channel CHI by way of an operational amplifier 326 and a 
serially connected resistor 328. The output of the 
operational amplifier is applied to the second input CHI of 
the ADC 304. 

25 The ADC 302 is a two- channel device and 

communicates with the microcontroller 304 by way of a 
synchronous half -duplex 4 -wire serial interface. In 
particular, the serial interface includes a clock signal 
CLK, a chip select signal CS, a digital data input signal 

30 DIN and a digital data output signal DOUT, applied to port 
bits PA[3], PA[1], PA[2] and PA[0] respectively. The port 
bits PA[3] , PA[2] and PA[1] are configured as outputs while 
the port bit PA[0] is configured as an input. 

Data transfer between the micro- controller 304 

35 and the ADC 302 is initiated by a falling edge of the chip 
select signal CS. The clock signal CLK synchronizes the 
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data transfer in both directions . After the chip select 
signal CS goes low, the ADC 302 awaits a start bit on the 
data input pin DIN, The first logical one shifted into the 
data input DIN pin after the chip select signal CS goes low 
5 represents the start bit. The next three bits shifted in 
after the start bit are used to configure the ADC to the 
select one of the input signals at the CHO and CHI inputs 
for conversion and to specify whether the most significant 
bit (MSB) or the least significant bit (LSB) is shifted out 

10 first on the data out DOUT pin. After the start bit and 
three configuration bits are shifted into the data input 
pin DIN, the conversion process begins. Any additional 
bits shifted into the data input pin DIN are ignored until 
the next chip select CS cycle. 

15 Data transfer between the microcontroller 304 and 

the test interface 310 are handled in a similar manner. In 
particular, four signals, a data out signal COMPOUT, a data 
in signal COMPIN, a clock signal EXCLK, and a chip select 
signal EPCS are used to control serial communication 

20 between the test interface 310 and the microcontroller 304. 
Each of the signals COMPOUT, EXCLK, EPCS and COMPIN are 
tied high by way of pull-up resistors 328, 330, 332 and 
334, . respectively. 

The COMPOUT and COMPIN signals are used for 

25 handshaking and data communication between the 
microcontroller 304 and the test interface 310. The COMPIN 
signal is available at port bit PB[5] of the 
microcontroller 304 configured as an output. The COMPIN 
signal is also used to read serial data from the data 

30 output pin DO when the system is not in the CALIBRATE mode. 
The COMPOUT signal from the test interface 310 is applied 
to the port bit PB[4] of the microcontroller 304 and to the 
clock input of the EEPROM 306. The COMPOUT signal is used 
for writing to the EEPROM 3 06 as well as handshaking with 

35 the microcontroller 304. The chip select signal EPCS from 
the test interface 310 is used to enable the conversion 
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values from the ADC 302 to be transferred to the test 
equipment 402 for determination of the compensation values 
when the chip select EPCS is deselected and to enable the 
compensation values to be written to the EE PROM 306 when 
5 the chip select signal EPCS is selected* The clock signal 
EXCLK is applied to the data input pin DI of the EEPROM 306 
and to the port bit PA [7] of the microcontroller 304 to 
control the bit by bit transfer of the 12 bit output of the 
ADC 302 when the test equipment 402 is reading digitized 

10 sensor and thermistor values from the microcontroller 304 
and controls the bit-by-bit writes to the EEPROM 306. A 
start bit is determined after the data input pin DI and 
chip select pins CS on the EEPROM 306 are high for the 
first time relative to the clock input CLK. 

15 As discussed above, the values from the Hall 

effect device are corrected by the compensation values 
stored in the EEPROM 306. The compensated values are 
converted to analog form by the DAC 308 under the control 
of the micro- controller 304. In particular, the DAC 308 

2 0 includes a chip select pin CS, a data input pin DI, a data 

output pin DOUT and a clock pin CLK, that are controlled by 
the microcontroller 304. These pins are connected to port 
pins PA[4] , PA[6] PA[5] and PA[0] , respectively on the 
microcontroller 304 and are all configured as outputs. The 
25 data output pin DOUT on the DAC 308 enables the digital 
data from the DAC 308 to be read back by the 
microcontroller 304. The analog output of the DAC 308 is 
available at an output pin V OXJT and is coupled to an 
external circuit (not shown) by way of a resistor 336. 

3 0 A reference voltage, for example, developed by an 

operational amplifier 338 and a pair of serially connected 
resistors 340 and 342, configured as a voltage divider, are 
applied to a reference input REFIN of the DAC 308. The 
reference voltage is used to set the full scale output of 
35 the DAC 308. 
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In order to assure proper operation of micro- 
controller 304, interrupt request pin IRQ is tied high, 
and, in particular, connected directly to the five-volt 
supply VCC, since the system does not need to monitor any 
5 interrupts. The microcontroller 304 is reset by way of its 
reset pin RESET. The RESET pin is normally pulled high by 
a pull-up resistor 344, connected between the power supply 
voltage VCC and the RESET pin. In order to prevent 
spurious operation of the signal applied to the RESET pin, 

10 a capacitor 346 is coupled between the RESET pin and 
ground. The microcontroller 304 is reset by way of a 
pushbutton 348, connected between the RESET pin and ground. 
Normally, the RESET pin is high. When the RESET push 
button 348 is depressed, the RESET pin is brought low to 

15 indicate a forced RESET to the microcontroller 304. In 
order to stabilize the power supply voltage to the 
microcontroller 304, a plurality of capacitors 350, 352, 
354, 356, 358 and 360 are connected between the five-volt 
sensor supply VCC and the sensor ground. 

20 The schematic diagram for the test interface 310 

is shown in Fig. 21. In order to provide electrical 
isolation between the test interface 310 and the electronic 
circuitry 300, a plurality of optical isolators 362, 364, 
366, 368, 370 and 372 are used to isolate connections 

25 between the test interface 310 and the electronic circuitry 

300. The signals with the suffix .TSET indicate 

connection to the test equipment 402 (FIG. 22) while the 

signals with the suffix .PCB indicate connection to the 

electronic circuitry 300 (FIG. 20) J 

30 Each of the optical isolators 362, 364, 366, 368, 

370 and 372 includes a light -emitting diode (LED) and a 
photo- transistor . The anodes of each of the LEDs are 
connected to the power supply voltage VCC by way of 
current -limiting resistors 374, 376, 378, 380, 382 and 3 84. 

35 The cathode of each of the LEDs is connected to the 
appropriate signals as will be discussed below. in 
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operation, when the signals connected to the cathodes of 
the LEDs are brought low, the LEDs will emit light which 
will be sensed by the photo- transistors . The photo- 
transistors are connected with their emitters grounded. 
5 The collectors are connected to the various signals 
discussed above* As will be discussed in more detail 
below, the collectors are normally pulled high and go low 
when light is sensed from the LEDs. More particularly, a 
CALIBRATEJTSET signal from the test interface 310 is 

10 applied to the anode of the optical isolator of the LED 
forming the optical isolator 3 62. The collector of the 
photo- transistor is the CALIBRATE signal, which, as 
discussed above, is applied to the port PB[3] of the 
microcontroller 304. 

15 As mentioned above, the COMPIN, COMPOUT, EXCLK 

and EPCS signals are used for forming a serial 
communication interface between the microcontroller 304 and 
the test equipment 402 illustrated in FIGS. 22 and 23. The 
signals COMPOUTJTSET, EXCLKJTSET, and EPCSJTSET, available 

20 from the test equipment 402 (FIG. 22) , are applied to the 
cathodes of the LEDs forming the optical isolators 364, 366 
and 368, respectively. The collector outputs of the 
optical isolators 364, 366, 368 are tied high by way of 
pull-up resistors 382, 384, and 386, respectively. As 

25 mentioned above, the emitter terminals of each of the 
photo- transistors associated with the optical isolators 
364, 366 and 368 respectively are grounded. Thus, during 
normal operation the collectors of the optical transistors 
associated with the optical isolators 364, 366 and 368 will 

3.0 be high. When the signals COMPOUTJTSET, EXCLKJTSET, 
EPCSJTSET go low, the collector outputs of the photo- 
transistors associated with the optical isolators 364, 3 66 
and 3 68 will go low. The collectors of the photo- 
transistors associated with the optical isolators 364, 366 

35 and 3 68 are applied to a pair of serially connected NOT 
gates 388, 390, 392, 394, 396 and 398, for example type 
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74HC14, which act as buffers to buffer the output of the 
optical transistors associated with the optical isolators 
364, 366 and 368. 

In order to provide isolation of the test 
5 interface 310 from the balance of the electronic circuitry 
300 when the system is not in a CALIBRATE mode, the signals 
COMPOUTJTSET, EXCLKJTSET, EPCSJTSET and COMPIN_PCB are 
applied to a quad- tristate device, for example a type 74C 
244. In particular, the COMPOUT signal, available at the 

10 output of the NOT gate 390, is applied to an input 1A2, 
while the COMPIN signal available at port bit PB[5] of the 
micro- controller 304 (Fig. 20) , is applied to the 1A4 input 
of the tristate device 400. Similarly the EXCLK and EPCS 
signals, available at the outputs of the NOT gates 394 and 

15 398 respectively, are applied to the 1A3 and 2A1 inputs of 
the tristate device 400. 

The tristate device 400 provides yet another 
isolation interface between the test interface 310 and the 
electronic circuitry 300. In particular, the COMPOUT_PCB, 

20 EXCLK_PCB, and EPCSJPCB signals, available at the 1Y2, 1Y3 
and 2Y1 outputs of the tristate are connected to the 
microcontroller 304 (Fig. 20) as discussed above. The 
EPCS_TSET and COMPIN_TSET signals, available at the 2Y1 and 
1Y4 outputs of the tristate device 400, are isolated by the 

25 optical isolators 370 and 372 in a similar manner as 
discussed above and applied to the test equipment. 

The tristate device 40 0 is under control of 
buffer enable signals BUFEN1_TSET and BUFEN2_TSET, 
available at the test equipment 402. As will be discussed 

30 in. detail below, during a CALIBRATE mode, the tristate 
device 400 will be enabled thus connecting the serial 
communication control signals between the test equipment 
and the electronic circuitry 3 00 by way of the optical 
isolation circuits discussed above. During conditions 

35 other than the CALIBRATE mode the tristate device 400 
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provides electrical isolation of the electronic circuitry 
300 from the test interface 310. 

The test equipment is illustrated in Fig- 22 and 
is generally identified with the reference numeral 402* 
5 The test equipment 402 includes a power supply 404 which 
provides a five-volt DC voltage supply for the sensor. The 
power supply 404 may be a Hewlett Packard Model No. E3620 
A. The power supply voltage is monitored by a Continuing 
Conformance Tester 406, for example, a S/N 95015 by Altech 
10 Control Systems. The Continuing Conformance Tester 406 
monitors the voltage from the power supply 404 to ensure 
that it is within proper limits. As will be discussed 
below, the Continuing Conformance Tester 406 includes a 
personal computer and various peripherals as illustrated in 
15 Fig. 23. In a CALIBRATION mode the Continuing Conformance 
Tester 406 positions the sensor to predetermined 
calibration angles by monitoring an Absolute Position 
Encoder 408, for example, a model No. M25G-F1-L8192-G-XD2- 
CR-E-C25-X-5 by BEI Motion Systems Company, Positions 
20 Controls Division. By monitoring the Absolute Position 
Encoder 408, the Continuing Conformance Tester 406 is able 
to generate an error voltage to a motor controller 410, for 
example, a model number SC401-01-T1 by Pacific Scientific 
Motor & Control Division, proportional to the distance away 
25 from the required angle. The motor controller 410 drives 
a servo motor 412, for example, a model R2 1KENT -TS-NS-NV-00 
by Pacific Scientific Motor & Control Division. The Servo 
Motor 412 in turn drives a servo actuator 414, for example, 
a model number RH-100-CC-SP by Harmonic Drive Systems, Inc. 
3 0 which, in turn, positions the sensor to a predetermined 
calibration point. The sensor may be disposed in a chamber 
in which the temperature is set to a predetermined value 
for all of the calibration points. The chamber 416 may be 
a Versa 10 type oven, as manufactured by Tenney Engineering 
35 Inc. 
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As mentioned above, the motor controller 410 
controls the operation of the servomotor 412 and in turn 
the servo actuator 414 to drive the sensor to predetermined 
calibration angles. A positive voltage from the Continuing 
5 Conformance Tester 406 forces the servomotor 412 to move 
clockwise while a negative voltage moves the servomotor 412 
counter-clockwise. The sensor voltage is read at each 
calibration point. After all of the calibration readings 
are taken the deviation between the values measured at the 
10 calibration points (i.e., the actual values) and the ideal 
values are determined for each position of the sensor. 
Compensation values are then written into the EEPROM 306. 

As mentioned above, the Continuing Conformance 
Tester 406 is provided with a personal computer 418 (FIG. 

15 23) which should include at least an 80486 DX or equivalent 
microprocessor. The Continuing Conformance Tester 418, in 
addition to the personal computer 418, may include a 
digital volt meter 420 for measuring the voltage of the 
sensor and the power supply 404 as well as a user- interface 

20 which includes a keyboard 422 and a monitor 424. The 
Continuing Performance Tester 406 may also include a tape 
back-up system 42 6 and a printer 42 8 as well as a status 
board 430 for providing an indication of the status of the 
system. 

25 As mentioned above, the test equipment 402, 

illustrated in Fig. 22, is interfaced with the sensor 
electronics 3 00 by way of the test interface 310. As will 
be discussed in more detail below, .the test equipment 402 
including the personal computer 418 forming a portion of 

30 the Continuing Conformance Tester 406 is used to 
communicate with the microcontroller 304 in order to 
determine the compensation values for the sensor over a 
predetermined operating range. The software control for 
the personal computer 418 is illustrated in FIGS. 26 and 

35 27. In addition, the source code for the personal computer 
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418 for determining the compensation values is set forth in 
Appendix I # while the source code for the microcontroller 
304 is set forth in Appendix II. 

A key aspect of the invention is the method for 
5 determining the calibration values. As mentioned above the 
test equipment 402 positions the sensor 43 at various 
predetermined calibration points and determines the sensor 
output value at each of the points. These calibration 
points taken at a predetermined temperature, for example 

10 25 °C, are, in turn, compared with ideal values. The 
deviation between the actual values and the deviation 
values is used to develop a compensation value that is 
written to the EEPROM 306. The method for determining the 
compensation value is best understood with references to 

15 Figs. 24 and 25. In particular, the output voltage of the 
sensor 43 is measured at a predetermined number of 
calibration angles. The calibration angles, as well as the 
other values illustrated in Figs. 24 and 25, are exemplary. 
It is to be understood that virtually any number of 

20 calibration angles and values are within the present scope 
of the invention. Referring first to Fig. 24, the sensor 
output voltage is measured at 8 calibration angles 8 0 -9 7f 
which, for example, have been selected between 14.4° and 
92.4° for discussion purposes. The particular calibration 

25 angles will vary as a function of the application of the 
sensor. The sensor output voltage at each of the 
calibration angles 9 0 -9 7 is measured and plotted along an X 
axis as shown in Fig. 25. The actual or measured values 
are then compared with the ideal values for each of the 

30 calibration angles 9 0 -9 7 which are plotted along a Y axis as 
shown in Fig. 25. 

As discussed above, throughout the useful range 
of the sensor the output voltage of the sensor is assumed 
to be linear as illustrated in Fig. 19. Thus, between each 

35 of the calibration angles 9 0 -8 7 the response is assumed to 
be linear. As such the compensation values are determined 
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by determining the slope m and y-intercept b of the line 
segments 432 (Pig- 25) for each of the calibration angles 
6 0 -6 7 . The slope m and y-intercept b between each of the 
calibration angles 9 0 -9 7 is determined and written to the 
5 EEPROM 306 in order to provide automatic compensation of 
the measured values by the analog input. In particular, 
the system measures actual values X of the sensor output. 
Since the ideal values are assumed to be linearly related 
to the actual values, the actual value is multiplied by the 

10 slope m and added with the y-intercept b to produce an 
ideal value. Since the slope m and y-intercept b 
compensation values vary between each calibration angle, 
the microcontroller 304 first determines the particular 
correction slope m and y-intercept b to be used. This is 

15 done by comparing the measured output voltages with the 
ideal voltage to determine the particular correction slope 
and y-intercept to be used. For example, referring to Fig. 
24, assume that a value of 1.4 0 was measured by the sensor. 
The system would compare this measured value of 1.4 with 

20 the ideal values and ascertain that the calibration angle 
was between 20.4 and 34.8. In such a situation since the 
compensation values are assumed to be linear between 
successive predetermined calibration angles the slope 
compensation and y-intercept compensation values associated 

25 with the angle 20.4 would be used. Thus in such an 
example, the voltage of 1.4 volts would be multiplied 
(using the exemplary data illustrated in Fig. 24) by the 
value 1.448. The y-intejrcept b of -0.862 would be 
subtracted from that value to render an ideal voltage in 

3 0 that range. 

A flow chart for the test equipment 402 in 
particular the personal computer 418 for determining the 
compensation values is illustrated in Figs. 26 and 27. A 
flow chart for providing a compensated output value for the 

3 5 Hall effect device by the microcontroller 34 is illustrated 
in Figs. 28-30. Referring first to Figs. 26 and 27, the 
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system starts by setting the CALIBRATION mode and in 
particular, generating an active low CALIBRATE signal that 
is applied to the test interface 310 and in particular to 
the optical isolator 362 in step 440. Once the CALIBRATE 
5 mode is enabled, the test equipment 402 initiates a 
handshake with the microcontroller 304. In particular, in 
step 442, the COMPOUT signal is set low and the tristate 
device 400 is enabled in step 442 by setting the BUFEN1 - 
TSET and BUFEN2_TS ET signals. The COMPOUT signal is 

10 applied to the optical isolator 364 and indicates to the 
microcontroller 304 that the test equipment 402 is ready to 
initiate determination of the compensation values as 
discussed above. The enable signals for the tristate 
device 400 BUFEN1_TSET, and BUFEN2 __TS ET are applied to the 

15 1G, 2G respectively pins of the tristate device 400. These 
signals are active low in order to enable the tristate 
device 400. After the COMPOUT signal is set low and the 
tristate device 400 is enabled, the system waits for a 
predetermined time period, for example, 10 milliseconds, in 

2 0 step 444 to determine if the microcontroller 3 04 is ready. 

After the 10 millisecond time period the system reads the 
COMPIN_TSET signal, available at the output of the optical 
isolator 372 as part of . the handshake between the 
microcontroller 304 and the personal computer 418. If the 
25 COMPIN_TSET signal has not been set low, the system returns 
to Step 446 and awaits the handshake from the micro- 
controller 304. Once the COMPIN_PCB signal is pulled low 
by the micro- controller 304 the COMPINJTSET signal is read 
by the personal computer 418 at the output of the optical 

3 0 isolator 372. If the COMP IN__TS ET signal is low, the 

personal computer 418 sets the COMPOUTJTSET signal high in 
step 448 and waits for a predetermined time period, for 
example 1 millisecond. Subsequently, the personal computer 
418 pulls the COMPOUT signal low in step 450 and waits 1 
35 millisecond. Afterwards, the personal computer 418 checks 
the status of the COMPIN signal from the microcontroller 
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304. If the COMPIN signal is low the system recycles back 
to Step 450. Once the COMPIN signal is set high by the 
microcontroller 304 as ascertained in step 452 the personal 
computer 418 sets the COMPOUT signal high in step 454 to 
5 let the microcontroller 304 know that the handshake is 
complete. After the handshake is complete, the system 
proceeds to step 456 and reads the digitized sensor output 
voltage at the port bit PB[5] of the microcontroller 304 on 
the COMPIN line. In particular, the sensor output voltage 

10 is digitized by the ADC 302 under the control of the 
microcontroller 304. The digitized 12 bit value is made 
available at the port bit PB[5] one bit at a time and 
communicated serially to the PC 418 under the control of 
the clock signal EXCLK. In addition to measuring the 

15 sensor voltage in Step 456, the system also -measures the 
thermistor voltage. In particular, while the digitized 
sensor voltage is being read, the microcontroller 304 
configures the ADC 302 to digitize the analog signal on 
channel 0 (CH0) . When the thermistor voltage is being 

20 read, the microcontroller 304 configures the ADC 302 to 
read the thermistor voltage on channel 1 CHI. After the 
digitized sensor voltage and thermistor voltage are read in 
step 456, the system starts cycling the sensor 413 through 
the predetermined calibration angles for example 9 0 -9 7 (FIG. 

25 24) . In particular, in steps 458 et seq. , the system 
commands the test equipment 402 to position the sensor at 
each one of the calibration angles 9 0 -9 7 . Initially for the 
first calibration angle 9 0 the test equipment 402 is 
configured to place the sensor at angle 9 0 in step 460 and 

30 to set the COMPOUT signal low. Subsequently in step 462 
the system ascertains whether the microcontroller 304 has 
acknowledged that the Hall effect device is being 
calibrated at the initial calibration angle 6 0 by 
determining whether the microcontroller 3 04 has pulled the 

35 COMPIN signal high. If not, the system loops back to step 
462 and awaits for the COMPIN signal to be pulled high by 
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the microcontroller 304. Once the COMPIN signal goes high 
the personal computer 418 sets the COMPOUT signal high in 
step 464. After the COMPOUT signal has been set for in 
step 464 , the system awaits an acknowledgment by the 
5 microcontroller 3 04 by determining whether the COMPIN 
signal has been set low in step 466. If not, the system 
loops back to step 466 and awaits acknowledgment by the 
microcontroller 304. Once the COMPIN signal is set low, 
the personal computer 418 sets the COMPOUT signal low in 
10 step 468. After the COMPOUT signal is set low, the system 
awaits acknowledgment by the microcontroller 304 by 
determining whether the COMPIN line has been set high in 
step 470. If not, the system returns awaits the 
acknowledgment by the microcontroller 304 and returns to 
15 step 468. Once the microcontroller 304 acknowledges the 
personal computer 418 by setting its COMPIN signal high, 
the personal computer 418 sets its COMPOUT signal high in 
step 472. Subsequently in step 474 the actual sensor 
values are read in steps 474 and 476. For the first time 
20 through the loop I is set to zero and thereafter 
incremented in step 478. In step 480 the system determines 
whether I is less than the total number of readings 
required. As indicated above, eight exemplary readings may 
be taken at calibration angles e 0 -9 7 . If less than all of 
25 the readings have been taken the system proceeds to Pig. 27 
and calculates the slope and intercept of the actual 
measurements versus the ideal values in steps 482, 484, 486 
and 488 as discussed above. The steps 460 through 488 are 
cycled until the slopes m and y- intercepts b have been 
30 determined for all the calibration angles e 0 -9 7 - Once all 
of the calculations have been determined for a particular 
sensor, the system proceeds to step 490 in order to 
initiate writing of the compensation values to the EE PROM 
306 (Fig. 20) . In particular, in step 490 the COMPOUT 
35 signal is set high. This signal is tied to the data input 
DIN of the EEPROM 306 and is used to initiate a write to 
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the EBPROM 306 in a manner as discussed above. In 
addition, the system selects the EEPROM 306 by setting the 
signal EPCS high, which, in turn, is tied, to the chip 
select pin CS of the EEPROM 306. In addition, the 
5 CALIBRATE mode is disabled by pulling the CALIBRATE signal 
high. Subsequently in step 492, the system checks to 
determine if the chip select pin CS of the EEPROM 3 06 has 
been set, since this pin is also under the control of the 
microcontroller 304 and in particular the port bit PB[0]. 

10 If the EEPROM chip- select signal is not high, the system 
awaits in step 490 until the chip select signal for the 
EEPROM 306 is high. Once the chip select signal EPCS for 
the EEPROM 306 goes high, the CALIBRATE mode, is enabled by 
pulling the CALIBRATE signal low in step 494. In addition, 

15 as discussed above, the EEPROM 306 is prepared for write. 
In steps 496, 498, 500 and 502 the system writes all of the 
calibration points, and, in particular, the slopes m and y- 
intercepts b for each of the calibration points 80-O7 to the 
EEPROM 306. As indicated above, communication to the 

20 EEPROM 306 is serial with bits being clocked in one bit at 
a time under the control of the clock: signal EXCLK. After 
all the compensation values have been written to the EEPROM 
306, the system disables the WRITE mode for the EEPROM 306 
in step 504. After the WRITE mode for the EEPROM 306 has 

25 been disabled, the contents of the EEPROM 306 are verified 
in steps 506 and 508 for errors. If no errors are found in 
the contents of the EEPROM 306 the system proceeds to step 
5.10 where the CALIBRATE mode is disabled as well as the 
buffer enable signals BUFEN1_TSET and BUFEN2JTSET to 

30 disable the tristate device 400,, which, in essence, 
disconnects the test equipment 402 from the interface 310. 
If errors are detected in step 508, the user is notified of 
the errors by way of the monitor (FIG. 23) in step 512 with 
the system subsequently going to step 510. After the 

35 CALIBRATE mode and buffer enable signals are. disabled, the 
tristate device 400 is disabled. The system proceeds to 
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step 514 and prints a message on the monitor 424 that the 
programming of the EE PROM 306 is complete and was 
successful. 

The flow charts for the microcontroller 304 are 
5 illustrated in FIGS. 28-30. Initially the system 

determines in step 516 whether the CALIBRATE mode of 
operation has been selected. If not, the system proceeds 
to step 518 and assumes a NORMAL mode is selected and 
executes the code illustrated in Fig. 30 for NORMAL mode. 

10 If the system is in a CALIBRATE mode as determined by 
reading the CALIBRATE signal applied to port bit PB[3] the 
microcontroller 304 system proceeds to step 520 and 
determines whether the compensation values need to be 
programmed into the EE PROM 306. If not, the system assumes 

15 a CALIBRATE mode and proceeds to step 522 and the software 
illustrated in Fig. 29. Otherwise, the correction factors 
are written to the EE PROM 306 and verified in step 524. 

The CALIBRATE mode is initiated in step 526. 
Initially in step 528 the serial interface is initialized. 

2 0 After the serial interface is initialized the 

microcontroller 304 determines whether a reading is being 
requested in step 53 0. If not, the system waits at step 
530 for such request. If a calibration reading has been 
requested the sensor voltage or thermistor voltage is read 
25 and sent to the test equipment 402 over the serial 
interface in step 532. The system next determines in step 
534 whether all readings have been taken. If not, the 
system returns to step 530. If so, the system proceeds to 
step 536 and determines the correction values to be 

3 0 programmed to the EE PROM 306. 

The NORMAL mode is illustrated in Fig. 30 and is 
initiated in step 538. Initially, in step 540 the system 
ascertains whether the system is in a NORMAL mode by 
monitoring the logic level of the CALIBRATE signal. If the 
35 CALIBRATE signal is high, a NORMAL mode is indicated and 
the sensor voltage is determined. After the sensor voltage 
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is read, the proper correction factor from the EE PROM 3 06 
is determined in step 542. Subsequently in step 544 the 
measured value is multiplied by the slope m correction 
factor in step 544. Next, in step 54 6, the y- Intercept b 
5 is added to the result obtained from step 544. Lastly, in 
step 548 the adjusted output voltage is applied to the DAC 
308 which in turn provides a corrected sensor output 
voltage V oux . 

The system also provides for thermal 

10 compensation. As mentioned above, the compensation values 
are determined at a particular temperature, for example, 
25 °C. The readings provided by the thermistor 330, for 
example, a Yageo 1% metal film fixed resistor. The 
temperature compensation is accomplished by assuming, for 

15 example, -3% deviation at 150 °C in the output signal due to 
temperature when the sensor is hot and a +1% deviation at 
-40 °C in the output signal when the sensor is cold. 
Whether the sensor is hot or cold is determined by 
comparing the thermistor voltage with the thermistor 

20 voltage at the temperature at which the compensation 

values were taken. If the compensation values were 
determined at a 25 °C ambient, then V AMB is the thermistor 
voltage at 25 °C. Thus, if the thermistor voltage > 
v amb/ the system is assumed to be hot and a 3% tolerance is 

25 assumed. If the thermistor voltage V-j^ < Vj^, the system 
is assumed to be cold and a 1% tolerance is assumed. For 
a 5 volt system, it is assumed that at the null point 
voltage V^^ove^ of the sensor (i.e. output voltage at which 
the output signal indicates 0 gauss) , that there is no 

3 0 shift in the output voltage due to temperature deviation. 
The deviation is thus determined by the following equation: 

DEV = +/- [ *TOLERANCE* (V MEA ^ - V auaa ^ m ) ] 
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. If the system is hot, the deviation is added to the 
measured voltage. If the system is cold, the deviation is 
subtracted from the measured voltage. 

The temperature tolerances as well as the 
5 thermistor voltage readings are linearized to provide a 
more accurate output. Also a resistor (not shown) of the 
same value as the thermistor may be connected in parallel 
with the thermistor. For a 3% total tolerance, the 
tolerance can be linearized by assuming the tolerance 
10 varies linearly over the 3% total tolerance range and the 
temperature range. Assuming the tolerance is in the 
general form of y = mx + Jb, for a 3% tolerance over a 125 °C 
temperature range (i.e. 150°C- 25°C) , the slope m will be 
0.00024 and the y-izitercept Jb will be -0.006. 
15 In order to linearize the thermistor voltage V-mu 

values, the voltages are read at the temperature extremes, 
25 °C and 150°C. Assuming that is in the general form 

y = mx + Jb, the slope and y- intercept Jb can be determined. 
For example at 25°C, is 2.3832212 volts and at 150°C, 

20 Vxhm = 0.1591433, the slope m will be -56.2031 and the y- 
Intercept Jb will be 158.9444. Thus, the temperature will 
be equal to -56.2031 + 158.944. For a 3% tolerance, 

the tolerance is equal to 0.00024 * TEMP - .006. 
Substituting the value for the temperature yields a 
25 tolerance of -0.03488744 + 0. 03214656 . The tolerance 

is then substituted into the equation above for the 
deviation DEV in order to determine the amount of 
temperature compensation. 

In a similar manner, the tolerance thermistor 
30 voltage are linearized for a 1% tolerance. These 

values are then used to determine the deviation as 
discussed above. 

SMART SENSOR CIRCUITRY -DIGITAL OUTPUT 
As mentioned above, the automatic electronic 
35 compensation circuitry discussed in connection with FIGS. 
18-30 above is adapted to be utilized with virtually any 
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displacement type sensor which measures linear displacement 
and provides a compensated . analog output signal. The 
concept discussed above in connection with FIGS . 18-30 can 
be extended to electronic circuitry which provides a 
5 digital output. In such an application, the digital to 
analog converter 3 08 (FIG, 18) is simply removed and a 
digital output from the microprocessor 304 is utilized. 
The output signal from the microprocessor 304 may be used 
directly or to control a line driver depending on the 

10 system requirements. As shown in FIG. 20, the interface 
between the DAC 3 08 and the microprocessor 304 is three 
wire interface. In order to maintain the three wire 
interface, with the DAC 308 removed, asynchronous 
communications may be used. The protocol for the 

15 asynchronous serial communication may be as illustrated in 
FIG. 31. As shown in FIG. 31 , a start bit ( i.e. a logical 
zero) and a stop bit, for example, two data bit periods of 
logical one, are . used with the data transmitted as twelve 
bit serial data D [0-11] . therebetween. The source code for 

20 such an embodiment is provided in Appendix III. 

While the invention has been described with 
reference to details of the embodiments shown in the 
drawings, these details are not intended to limit the scope 
of the invention as described in the appended claims. 

25 What is claimed and desired to be secured by 
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CLAIMS 

1. An electronic circuit for automatically 
compensating for errors in an output signal of a 
predetermined displacement sensor, the electronic circuitry 

5 comprising: 

means for receiving an analog sensor output 
signal and digitizing said signal to define a digitized 
signal 

means for processing said digitized signal to 
10 automatically compensate for errors and generating a 
compensated digital output signal. 

2. The electronic circuit as recited in Claim 1, 
wherein said processing means includes means for storing 
ideal values for said sensor at predetermined calibration 

15 points. 

3. The electronic circuit as recited in Claim 2, 
wherein said compensating means further includes means for 
generating compensation values as a predetermined function 
of said ideal values. 

20 4. The electronic circuit as recited in Claim 3, 

wherein said processing means includes means for adjusting 
the output signal of said output signal as a function of 
the deviation of the output signal from said ideal values. 

5. The electronic circuit as recited in Claim 1, 
25 wherein said processing means includes means for 

automatically compensating for errors in the output signal 
resulting from temperature deviations. 

6. The electronic circuit as recited in Claim 5, 
wherein said processing means includes means for 

3 0 automatically compensating for errors due in part to part 
variations of the sensor. 

7 . An electronic circuit for automatically 
compensating for errors in a sensor output signal of a 
predetermined displacement sensor, the electronic circuit 

35 comprising: 
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means for automatically determining the DC offset 
of said output signal; and 

means for compensating for the DC offset of said 
output signal and generating a compensated output signal. 
5 8 . The electronic circuit as recited in claim 

7, wherein said sensor output signal is an analog signal 
and said determining means includes means for digitizing 
said analog output signal to generate a digitized signal. 

9 . The electronic circuit as recited in claim 
10 7, wherein said compensating means includes means for 

comparing said DC offset with said sensor output signal to 
generate a compensated digital output signal. 

10. The electronic circuit as recited in claim 
7, wherein said compensated output signal is a digital 

15 signal . 

11. The electronic circuit as recited in claim 
10 # further including a digital to analog converter for 
converting said DC offset to an analog DC offset signal. 

12. The electronic circuit as recited in claim 
20 11/ wherein said compensating means includes a comparator 

for comparing said analog DC offset signal with said sensor 
output signal to generate a compensated digital sensor 
output signal . 
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